The stress in a single-layer continuous deposition of amorphous silicon dioxide (SiO 2 ) film is compared with the stress within multiple-layer intermittent or 'stop-start' depositions. The films were deposited by helicon activated reactive evaporation (plasma assisted deposition with electron beam evaporation source) to a 1 µm total film thickness. The relationships for stress as a function of film thickness for single, two, four and eight layer depositions have been obtained by employing the substrate curvature technique on a post-deposition etch-back of the SiO 2 film. At film thicknesses of less than 300 nm, the stress-thickness relationships clearly show an increase in stress in the multiple-layer samples compared with the relationship for the single-layer film. By comparison, there is little variation in the film stress between the samples when it is measured at 1 µm film thickness. Localized variations in stress were not observed in the regions where the 'stop-start' depositions occurred. The experimental results are interpreted as a possible indication of the presence of unstable, strained Si-O-Si bonds in the amorphous SiO 2 film. It is proposed that the subsequent introduction of a 'stop-start' deposition process places additional strain on these bonds to affect the film structure. The experimental stress-thickness relationships were reproduced independently by assuming a linear relationship between the measured bow and film thickness. The constants of the linear model are interpreted as an indication of the density of the amorphous film structure.
Introduction
Recent comparative studies of stress in single and multilayer films have largely dealt with those composed of the one material with alternating hard and soft layers for the multilayer [1, 2] , or of bimaterial multilayers with comparisons to single depositions of each [3] [4] [5] . In contrast to the crystalline, polycrystalline and/or metal films dealt with in previous studies, the work reported in this paper addresses an amorphous silicon dioxide (SiO 2 ) film. In addition, the 'multilayers' are deposited with the aim of achieving uniformity in the material structure from one layer to the next. The multilayers in the film are created by an intermittent or 'stop-start' deposition, the term we shall use to describe a deposition which is halted before the final desired film thickness is reached, and which is then subsequently continued. This means there is some period of time without deposition between layers. While the 'stop-start' deposition has been performed intentionally for the purpose of the study, a routine deposition in the laboratory may sometimes be interrupted in a similar manner for various reasons. As an example, optical waveguides fabricated in our laboratory typically require a deposition of at least 5 µm in film thickness. This requires a total deposition time on the order of hours. On this timescale, it is sometimes not possible to avoid an interruption to the deposition. It is therefore beneficial to understand how such an interruption, brief or extended, might affect the properties of the film which would otherwise have been deposited under a continuous process.
This study investigates changes in the film stress resulting from the introduction of a 'stop-start' process as a function of film thickness. Often, it is sufficient to take a single measurement of stress upon completion of a film deposition. However, it can be informative to also consider variations in stress within the deposited film, particularly when the variation is not reflected in the film stress measured at the final deposited thickness. In planar waveguide technology, and integrated optical systems in general, the control of birefringence remains a key issue, particularly for SiO 2 -on-Si systems [6] [7] [8] [9] . Compressive stress in the Si/SiO 2 film-substrate system is a main contributor to birefringence. Waveguide birefringence leads to a polarization dependent device which is not acceptable for fibre-optical transmission systems. Results from this study may prove helpful in improving the current understanding of the factors that can affect stress in waveguides.
For films deposited by helicon activated reactive evaporation (HARE), the measured film stress is expected to contain a significant intrinsic stress component which results from the large ion flux impinging onto the wafer during the deposition [10] . By contrast, the thermal stress component can often be neglected as the temperature during deposition is maintained below about 200
• C [11] . We note that it is the introduction and the number of 'stop-start' depositions which distinguish one film sample from the next. Hence, the observed variations in stress between the samples in our study will be analysed in relation to the 'stop-start' process, and the stress contribution will be considered a form of interface stress.
Experimental details

Helicon activated reactive evaporation
The operation of the helicon plasma source [12] , the specifics of the experimental setup [13, 14] and plasma characteristics [13, 15] of the HARE system have been described elsewhere. The current configuration of the HARE system (figure 1) differs from that described in Durandet et al and Li et al by the addition of a shorter glass tube to prolong the life of the larger outer tube and by the absence of an rf bias to the substrate. In our configuration, the substrate holder is electrically floating and is water cooled. The additional glass tube is used to prolong the life of the original larger glass tube. During deposition, evaporant material builds up on the inner walls of the glass tube. When the system is brought to atmospheric pressure and exposed to air for the removal of the substrate, or for refilling of source material, absorption of water from the air by the material built up on the glass tube can cause stresses large enough to break the glass.
Since the film stress in this study was investigated in the context of optical waveguide fabrication, the deposition conditions used were identical to those used for the deposition of films intended for the fabrication of optical waveguides in the laboratory. The electron-beam (e-beam) evaporation source is a JEOL JEBG-303UA electron gun with a 10 kV acceleration voltage. The e-beam power was adjusted as necessary to maintain a constant evaporation rate. The evaporation rate is monitored by two rate crystal sensors, as described by Li et al [14] . For film depositions, the system can be installed with either a three-crucible or a single-crucible hearth, depending on the required film composition. For all of the samples in this study, the depositions were made using the single-crucible hearth.
The helicon antenna is fed from a rf matching network/generator system operating at 13.56 MHz. The oxygen feed gas is introduced into the middle of the diffusion chamber, and a turbomolecular/rotary pumping system is connected to the sidewall of the e-beam chamber. The pressure is measured with a convectron and an ion gauge, with a base pressure of a few 10 −6 Torr. Argon may be used as an actinometer or to adjust the operating pressure without changing the oxygen flow rate. For the depositions, oxygen and argon gas flow rates were 40 sccm and 4 sccm, respectively, where sccm denotes cubic centimeters per minute at STP. The rf power during deposition was 800 W. Two solenoids around the helicon source are used to create an axial dc magnetic field of a few tens of Gauss necessary for operating in the high density coupling mode (typically 1 × 10 11 cm −3 or greater) and for improving the plasma diffusion towards the wafer.
Materials
All depositions were made on commercial 4 in. 500 µm-thick Si wafers (p type) in the 100 orientation. The wafers are the same as those used in optical waveguide fabrication in the laboratory. The Si wafers are polished on one side only and the deposition is made on the polished side.
For all the deposited films shown, small pieces of Si (99.99% pure) were the only evaporant material used in the crucible. 
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Figure 3.
Steps involved from film deposition to the 'stop-start' process with typical time required for each step shown. The steps for which there is no film deposition are shaded in black. When multilayer samples are deposited, the total time for which there is no deposition is approximately 40 min.
Stress measurements
The evolution of stress with film thickness was determined by a method of film deposition, post-deposition etch and bow measurement of the stress-induced bending in the substrate by a stylus-type surface profiler. Stoney's equation [16] was used to calculate the stress from the bow measurement. Figure 2 is a schematic of the single and multilayer SiO 2 films deposited (substrate not shown). The study comprises a single continuous deposition of 1 µm total film thickness (figure 2(a)), a two-layer deposition with 500 nm thickness for each layer ( figure 2(b) ), a four-layer deposition with 250 nm thickness for each layer (figure 2(c)), and an eight-layer deposition with 125 nm thickness for each layer ( figure 2(d) ). Hence, all four samples in the study have a total deposited film thickness of 1 µm. Figure 3 shows the steps required from film deposition to the 'stop-start' process, including the amount of time typically required to perform each step. After a layer deposition, the shutter is closed, then the e-beam power is reduced gradually to zero. Finally, the plasma power is turned off. If further deposition is required for a multilayer sample, the order of the routine is reversed, and the same steps are performed for the deposition of the next layer. The time required to turn on and increase the plasma power and e-beam power for the film deposition is essentially the same, with roughly 5 min extra time for stabilization before deposition. For the multilayer films, the plasma and the e-beam were turned off for a time period of τ stop = 1 min 30 s between layers, before restarting as per a usual deposition. The total amount of time for which there is no deposition between film layers incorporates both the τ stop = 1 min 30 s time period, and the amount of time required to reduce and increase the plasma and e-beam power for the τ stop time period, which is approximately 40 min. In figure 3 , the deposition steps for which there is no film deposition are shaded in black.
A τ stop time period of 1 min 30 s was chosen for two reasons. Firstly, this study was intended as part of a series of comparative studies, with the time period, τ stop , used as one of the parameters being compared. The time period used in this study is the shortest in the series. Secondly, after taking into account the time needed to return the system to stable deposition conditions following a τ stop time period, the eight layer film deposition sample would require a considerable amount of time to complete. Thus, a compromise was reached between a τ stop time period short enough for an explicit comparison with studies of lengthier τ stop time periods, and long enough to allow a distinct break in the deposition. We note that for an n number of multilayers deposited, there are a (n − 1) number of 'stop-start' depositions in the sample, or similarly, a (n − 1) number of 'interfaces' created in the film. The system was only brought to atmospheric pressure for the removal of the wafers at their final deposited thickness of 1 µm. After deposition, each wafer was cleaved into individual pieces and the SiO 2 film was etched separately for each piece using a 1 : 7 buffered HF solution to produce a range of film thicknesses on individual pieces of wafer.
A Tencor P-10 surface profiler was used to measure bowing in the substrate after film deposition and etch, and a J A Woollam M-44 WVASE ellipsometer to determine the film thickness and refractive index.
Although it is usual for stress measurements to take into account the pre-existing bow in substrate wafers used for deposition, it was found that this practice exposed the substrate to sufficient contamination to render the wafer unsatisfactory for subsequent waveguide fabrication. Hence, the pre-existing bow measurements were made from at least two substrate wafers belonging to the same processing batch, which were not subsequently used for deposition, and the measurements were taken into account. An additional check to these pre-deposition bow measurements was also performed by measuring the bow from a bare part of the wafer after film deposition. This was achieved by taking the deposited wafer and, after cleaving the wafer into individual pieces, completely etching the film away from one of the pieces so that the bare substrate was exposed. The bow measurement of this bare Si substrate was then taken. It is acknowledged that this method may not give as accurate an indication of the pre-deposition bow in the substrate wafer as a direct measurement of the wafer used for the deposition. Therefore, after also accounting for the uncertainties in the measured film thickness and multiple bow measurements, which were taken perpendicularly and averaged, the maximum uncertainty in all but a few calculated stress values is 0.05 GPa.
The film thickness is considered fairly uniform across most of the individually cleaved wafer pieces. Nonetheless, a certain degree of non-uniformity in the film thickness across the entire 4 in. wafer is unavoidable from the deposition. Since the full 4 in. substrate wafer is used to generate the stressthickness relationships, some parts of the wafer, particularly towards the wafer edges, tend to give results with a higher associated uncertainty. This effect was avoided as much as possible by using mostly the central parts of the wafer for the etching and measurements. However, in order to obtain a larger number of data points with which to generate the bow and stress relationships, one or two data points will have this higher associated error, which was determined in all cases to be 0.08 GPa at the most. The data points with the higher associated error will be discussed in the relevant section.
Experimental results
The results of bow measurements as a function of film thickness for the single, two, four and eight layer SiO 2 films are shown in figure 4 as closed diamonds, open circles, closed triangles and open squares, respectively. The pre-existing bow in the substrate has been subtracted from the bow measurements so that figure 4 shows the bow measured in the SiO 2 film. The aim during the multilayer depositions was to maintain consistently uniform material properties from one deposition to the next. The assumption we make at the end of the process is that the contribution to overall stress from each layer depends only on the film thickness. In this situation, Stoney's equation [16] can be used to calculate stress by the substrate curvature technique. The stress, σ , was thus calculated by inserting the measured values of bow, B, from the surface profiler directly into the equation:
where L is the surface profiler scan length, E/(1 − ν) is the elastic constant of the substrate, t s is the substrate thickness and t f is the film thickness. Equation (1) has been approximated for the case where B L and takes into account the elastic properties of the substrate only and is thus valid for the case where t f t s . A formulation which incorporates a film component by taking into account the elastic properties of the film, and therefore applicable for thicker films, is given in [17] . The film component in the latter formulation was calculated and determined to be negligible for our purposes. For Si 100 , the elastic constant E/(1 − ν) is 180.5 GPa [18] . The length of the surface profiler scan, L, was 10 mm. The
of stress) will be assigned to compressive stresses, while films displaying a negative bow measurement (i.e. negative value of stress) will be assigned to tensile stresses. This convention has been used in a number of other works (e.g. [19, 20] ).
Stress-thickness behaviour for t f = 1 µm
Measured at the final deposited thickness of about 1 µm, the film stress varies by approximately 0.1 GPa between the four multilayer film structures (figure 5). The average film stress measured at this film thickness is σ single = 0.23 GPa for the single-layer continuous deposition, σ two = 0.31 GPa for the two-layer deposition, σ four = 0.29 GPa for the fourlayer deposition, and σ eight = 0.25 GPa for the eight-layer deposition. The maximum uncertainty in these calculated stress values is 0.03 GPa, or about 10%. It can, therefore, be said, that when the average film stress is measured at the final deposited film thickness of approximately 1 µm, there is little to distinguish the continuously deposited film from the intermittently grown films, whether they be single-, two-, four-or eight-layered films. In many measurements of film stress reported in studies, the measurement taken at the final deposited thickness is the only reference used to represent the stress in the film sample.
Stress-thickness behaviour for 600 nm
The stress-thickness relationships for all samples in figure 5 begin to plateau after approximately 800 nm, although a constant value is not reached by the final thickness of 1 µm, indicating the material has not reached its 'bulk' state by this thickness [21] . There is a difference of approximately 0.15 GPa between the highest and the lowest values for film stress measured for the single layer and multilayer films in this region, and the uncertainty in the stress measurements is 0.04 GPa or less. The stress in the single-layer continuous deposition is consistently less than the stress in the multiplelayer depositions; however, there is still very little to distinguish between the two-, four-and eight-layer depositions.
Stress-thickness behaviour for t f < 600 nm
As the film is etched back to film thicknesses of 600 nm and less, there is a much stronger divergence between the stressthickness relationships of the four samples in figure 5 than that observed for film thicknesses greater than 600 nm. The variation in stress across the four samples for t f < 600 nm is close to 1 GPa. It is in this thickness regime, and t f < 300 nm in particular, that the influence of a 'stop-start' deposition on film stress is most obvious. We note two main features in the t f < 600 nm thickness regime in figure 5 .
First, for a given film thickness, the greater the number of multilayers or 'stop-start' depositions in the film, the higher or more compressive the stress in the film. At a film thickness of t f = 250 nm, the stress in the single-layer deposition is 0.05 GPa, in the two-layer deposition it is 0.16 GPa, in the fourlayer deposition it is 0.23 GPa and in the eight-layer deposition it is 0.45 GPa.
Second, we compare the trend of the stress-thickness relationship in each of the four samples in figure 5 for t f < 600 nm. In the single-layer continuous deposition, stress in the film is progressively less compressive towards the substrate. The two-layer deposition shows a similar trend in the stressthickness relationship to the one observed for the singlelayer deposition (figure 5). The uncertainty in the stress measurements for both the single-and two-layer depositions is 0.04 GPa. The difference between the stress-thickness relationships for the two-layer and the single-layer deposition is an overall higher level of stress in the two-layer film. The stress-thickness relationship of the two-layer deposition looks similar to a vertical translation of the single-layer continuous deposition curve.
The trend in the stress-thickness relationship for the fourlayer deposition in figure 5 is different from the one observed for the single and two-layer depositions. Instead of observing progressively less compressive stress closer to the substrate, the stress in the film of the four-layer deposition remains fairly constant throughout the entire film thickness range, from t f = 60 nm to t f = 1 µm. The uncertainty in the stress measurements for the four-layer deposition is 0.05 GPa or less.
The trend in the stress-thickness relationship for the eightlayer deposition in figure 5 is different again from the other three samples. Instead of a constant stress, as in the fourlayer deposition, or a progressively less compressive stress, as in the single and two-layer depositions, the stress in the film of the eight-layer deposition is more compressive closer to the substrate. At the lowest measured film thickness of t f = 60 nm, the film is quite strongly compressive, with a calculated stress of 0.90 GPa. The uncertainty in the stress measurements for the eight-layer deposition is mostly 0.03 GPa or less. The stress measurements with the higher associated error, for the reasons described earlier, occur for the stress measurement at a film thickness of t f = 300 nm, with an uncertainty of 0.08 GPa, and for the stress measurement at a film thickness of t f = 60 nm, with an uncertainty of 0.07 GPa.
The 'stop-start' depositions were conducted at intervals of 125 nm in the eight-layer deposition, 250 nm in the fourlayer deposition and at 500 nm in the two-layer deposition. However, the occurrences of the 'stop-start' processes at these film thicknesses are not reflected in the stress-thickness curves in figure 5 . All stress-thickness curves are smooth throughout these locations. Comparative cross-sectional transmission electron microscope (TEM) images of the single continuous deposition film and the eight-layer multiple deposition film also do not show any visible localized variations distinguishing the intermittent deposition from the continuous one.
Discussion
Effects of a 'stop-start' deposition on film stress
The differences in the stress-thickness relationship for the single and multilayer film structures suggest that a 'stopstart' deposition process does indeed affect the stress present in the plasma-deposited amorphous SiO 2 film. Although the degree to which the 'stop-start' process affects the stress differs depending on the film thickness at which the stress is measured, it can be said that the presence of a 'stop-start' process has an overall tendency to increase the stress present in the film, rather than decrease it.
The different stress-thickness behaviours in the t f < 600 nm thickness regime of figure 5 show that a 'stop-start' deposition affects the properties of film grown during the very early stages of the deposition, i.e. film close to the substrate. Consider the film thickness at t f ≈ 50 nm in figure 5 . The stress in the four-layer deposition is 0.24 GPa whereas in the eight-layer deposition it is 0.90 GPa. The 'stop-start' process does not occur until a film thickness of 250 nm for the fourlayer deposition and a film thickness of 125 nm for the eightlayer deposition. Since the interfaces were not introduced until later in the deposition, it should not be possible for the film, during growth, to exhibit differences that only much later events would cause. The film growth, and therefore the stress measured, should be the same in both samples at this point in the deposition. Similarly for the single-layer and two-layer depositions at a film thickness of t f = 250 nm. The stress in the two-layer deposition is 0.16 GPa whereas in the singlelayer deposition it is 0.05 GPa. The 'stop-start' process does not occur until a film thickness of 500 nm for the two-layer deposition. Yet there is a significant difference in the stress measured at t f = 250 nm for the single-layer and two-layer depositions.
We couple these observations with the absence of localized variations in the stress-thickness relationships in figure 5 at film thicknesses where the 'stop-start' process would have occurred, and propose the existence of a dynamic mechanism to explain these observations. We noted earlier that it is the introduction and the number of 'stop-start' depositions which distinguishes one film sample from the next. From the results of the stress-thickness relationships in figure 5 , it is apparent that the introduction of the 'stop-start' process increases the stress present in the deposited film. This increase in stress could only be introduced into the film at the location of the 'stop-start' process since the film deposition would be a regular continuous deposition in the absence of the 'stopstart' process. It is likely that a localized structural change in the film accompanies the introduced stress. To account for the lack of observed localized structural changes, we propose that the dynamic mechanism transfers localized structural changes associated with the introduced stress away from the interfaces to other areas of the film. Since it cannot be transferred upwards (into film that has not been deposited), the direction of the transfer is downwards, towards the substrate. We further propose that once the structural change relating to this increased stress has occurred in the material no further change occurs. This would account for the observed large variations in stress for film thicknesses of t f < 600 nm, and the comparatively small variations in stress at film thicknesses of t f = 1 µm.
The amorphous SiO 2 structure
The results reported here for stress in the multilayer amorphous SiO 2 films are in contrast to those reported for single and intermittent depositions of polycrystalline films. Shull and Spaepen investigated the total force per unit width (F/w) of copper (Cu) films, comparing films deposited by a single deposition and by an intermittent deposition. They reported no change in the evolution of the general features of F/w in the Cu film [5] . For their study, three 9 nm depositions of Cu were made, resulting in a total film thickness of 27 nm. The time between depositions was 350 min. Aside from the differences in the deposition conditions, one possible reason for the contrast in results between our study and the Shull and Spaepen study may be the structure of the film in our study being amorphous rather than polycrystalline.
Two types of growth modes are associated with the growth of a polycrystalline film: island growth (Volmer-Weber) and layer-plus-island growth (Stranski-Krastanov) [5] . We have previously shown that the film growth mechanism in our single layer, continuous deposition of SiO 2 can be described in the Volmer-Weber (or island growth) formulation, where tensile stress occurs close to the film-substrate interface due to the initial formation of isolated islands and a gradual increase in stress with increasing film thickness occurs with the onset of island coalescence [21] .
The SiO 2 structure, for both amorphous and crystalline polymorphs, is most conveniently described in terms of the size of the closed rings which naturally form in the silica or silicate structure, and the Si-O-Si bond angle, θ [22, 23] . The unit structure is SiO 4 and consists of four oxygen atoms composing a tetrahedron with one silicon atom at the centre. The rings are made up of an n number of SiO 4 tetrahedral units and the 'n-membered ring' description refers to the number of SiO 4 tetrahedra in the ring which are linked by corner sharing. Larger values of the Si-O-Si bond angle θ occur in polymorphs with larger ring sizes. Networks with larger ring sizes (e.g. n 6) tend to allow atomic relaxation in the bond lengths and angles. Sufficiently small or reduced Si-O-Si bond angles are related to stressed networks and denser structures [24, 25] because the small rings associated with smaller bond angles geometrically constrain the relaxation of a network [26] . Thus, quartz, the most stable polymorph of SiO 2 , has primarily 6-membered rings, i.e. a closed ring of six silicons and six connected oxygens, and a bond angle of θ = 144
• , while a high-pressure SiO 2 polymorph such as coesite has 4-membered rings and a bond angle of θ = 120
• [23] .
Amorphous SiO 2 has been shown to consist of an interconnecting ring system of three to eight SiO 4 tetrahedra with a range of bond angles θ [22, 23, 27] . SiO 2 films deposited by plasma enhanced chemical vapour deposition (PECVD) appear to have different physical characteristics to thermally grown SiO 2 . By comparison with thermally grown or bulk SiO 2 , the atomic arrangement of SiO 4 tetrahedra in PECVD SiO 2 film is more irregular [28] , with substantially reduced Si-O-Si bond angles and a significantly enhanced density of 3-membered rings [25] . These studies have also noted that deposited films have higher chemical etch rates and a lower film density than what might be expected from the compact Si-O-Si bond angles measured. Devine suggests an increased fraction of 'free' volume and openness in the network which compensates for the reduced bond angles, and explains the enhanced chemical etch rates [25] . Other studies have suggested the presence of defect centres in the film. Threemembered rings tend to have strained Si-O-Si bonds due to the small ring size. They are considered unstable because an accumulation of stress in the film can break the strained bonds. This allows the network to relax, but creates defect centres in the process [26, 29] . Another study suggests a higher chemical reactivity of Si-O-Si bonds in strained rings [30] .
It is possible that the stress-thickness behaviour observed in the different multilayer films of figure 5 is related to one or more of the phenomena described in these studies. An increased openness in the network could provide the additional volume required for flexibility in the structure of the film, and accommodate the changes in stress observed in the different film samples. As our film is an amorphous film deposited by a plasma-assisted deposition, it is reasonable to assume the presence of strained Si-O-Si bond angles and 3-membered rings. The increased stress introduced at 'stopstart' deposition points could further strain, and possibly even break, the Si-O-Si bonds and rings. The strain of one bond is not an isolated effect; it can influence the structural stability of the network in the surrounding area [29] . In our case, the 'stop-start' process could trigger strain and structural change in the existing film (i.e. in the downward direction) and the effect may extend as far as the SiO 2 -Si substrate where it can go no further due to the Si substrate. This may be the reason for the resulting high concentration of stress observed for film thicknesses close to the substrate in the multilayer films. It is also likely that a higher structural density in the film is associated with this region of higher stress concentration. A stress-thickness behaviour similar to that observed for the eight-layer deposition (figure 5) has been observed for sputtered amorphous carbon films, and the region of higher stress concentration (i.e. close to the substrate) was attributed to a higher film density [20] .
Modelling the stress-thickness relationship
We now investigate analytically the relationship between bowing, film thickness and stress. Returning to figure 4, we observe that a linear relationship is implied between the bowing and film thickness and base our model on a relationship with the form which is indicated in figure 4 for the single, two, four and eightlayer SiO 2 films as dashed, dash-dot, solid and dotted lines, respectively. The constants of the experimental linear model, m expt and c expt , for the single and multilayer films deposited are listed in table 1. The region of interest is for small film thicknesses. In terms of (2), this means the variable with the strongest influence in the model will be the constant c as it strongly affects what happens in the region of small film thicknesses, t f . We approached the modelling of the stress-thickness relationships of figure 5 by first realizing that in Stoney's equation, the stress is proportional to bowing and inversely proportional to film thickness:
and substitute (2) into (3). We then investigate different conditions for the constant c in (2) and observe its effect on the function σ . There are three general conditions which exist for c. These are: (i) c < 0, (ii) c > 0 and (iii) c = 0. Figure 6 shows these three conditions for c in the context of the function for stress, σ ∝ B/t f (in arbitrary units), as a function of film thickness, t f . The general form of the experimental stress-thickness curves in figure 5 are reproduced in figure 6 by applying the three conditions found for c.
A physical interpretation of c can be obtained by noting that each of the experimentally determined constants c expt can be categorized into one of the three general conditions. These are listed in table 1 alongside the corresponding single or multilayer samples in the study. The condition c < 0 is applicable to the single and two-layer films, the condition c = 0 is applicable to the four-layer film and the condition c > 0 is applicable to the eight-layer film. This leads to one possible interpretation of the constant c in (2) as an indication of the degree of 'openness' in the network structure of the amorphous film.
In the single layer film (where the case c < 0 applies), it is reasonable to assume that the structure will be similar to that observed in other plasma-deposited amorphous SiO 2 films, with an increased openness in the network compared with thermally deposited oxides, as discussed earlier. In the multilayer films, we hypothesized that the effect of the 'stopstart' deposition was to increase the structural density in the film close to the interface, resulting in an increase in stress; the higher the number of occurrences of the 'stop-start' deposition (or number of film layers) the greater the increase in structural density and the greater the increase in stress. This was the observation in figure 5 . The condition where c < 0 in (2) might therefore be interpreted as an indication of a relatively open network, with possibly quite a strong presence of voids. Using the same reasoning, the case where c > 0 might therefore be indicative of a relatively dense network, possibly with a higher incidence of strained bonds. The remaining case where c = 0 might represent a network midway between these two cases, with neither a strong presence of voids nor a significantly denser structure.
The significance of the constant m in (2) has not been explored here; however, some indication may be obtained by noting that although the two-layer sample is classified with the single layer sample in terms of c < 0 (suggesting a relatively strong presence of voids in the film structure), it would be reasonable to assume this would be to a lesser degree than that for the single-layer film. This may be reflected in the higher value for m for the two-layer film in table 1 compared with that for the single layer film.
Conclusion
The effects of a 'stop-start' deposition on film stress in amorphous SiO 2 has been investigated. 'Multilayer' SiO 2 films were deposited by halting the deposition of an otherwise continuous deposition at regular intervals. We have found that the introduction of a deliberate interruption, a 'stop-start' process, to an otherwise continuous film growth will change the film stress in amorphous SiO 2 . The film stress tends to increase as a consequence of a 'stop-start' deposition but this is not fully reflected in stress measurements if the stress is only measured at the final deposited thickness. This is most clearly illustrated by a 0.1 GPa variation in stress between the samples when measured at the final deposited film thickness of t f = 1 µm, as compared with a variation in stress of almost 1 GPa when measured for film thicknesses t f < 600 nm.
The stress-thickness relationships, which show the effect of the 'stop-start' process on film stress, can be reproduced independently if a linear relationship is assumed between the measured bow and film thickness. One of the constants of the linear model, c, is interpreted as an indication of the density of the network of the amorphous SiO 2 film.
These results may be helpful in improving the understanding of factors which influence the presence of stress, and therefore the control of birefringence, in the SiO 2 -Si filmsubstrate system, which is commonly used in integrated optical systems.
